Recently, developments have improved methods employing aerial ultrasonic waves for contactless inspection of internal defects in materials such as metals, pipe walls, and fiber-reinforced plastics. Specially, this method is noncontact way differ from conventional ultrasonic inspection that is necessary to contact probe to object. We have developed a new method of aerial ultrasonic inspection that uses high-intensity aerial ultrasonic waves and optical equipments. That is, the object is excited in noncontact way using high-intensity aerial ultrasonic waves and the vibration velocity on the object surface is measured with a laser Doppler galvanometer at same time.We analysis the vibration information and detect defect in materials. We also developed a point-converging acoustic source with a stripe-mode vibration plate to generate the high-intensity aerial ultrasonic waves, an essential component of the method. While the sound source operates at a single resonance frequency, the generated ultrasonic wave has nonlinear acoustic characteristics and generates nonlinear higher harmonics at the focal point because the sound intensity increases by converged a sound wave. Under nonlinear ultrasonic irradiation, the object vibrates at the fundamental frequency and harmonic frequencies corresponding to the ultrasonic waves. Therefore, we also attempted to detect defect in materials for analyzing nonlinear vibration.
INTRODUCTION
Recently, developments [1] [2] [3] have improved methods employing aerial ultrasonic waves for contactless inspection of internal defects in solid materials such as metals [4] [5] [6] , pipe walls [7] [8] [9] , and fiber-reinforced plastics [10] [11] [12] .
We have developed a new method [13, 14] of aerial ultrasonic inspection that uses high-intensity aerial ultrasonic waves and optical equipment. This method [15, 16] differs from existing methods in that it detects solid material defects by analyzing vibrations on the surface of the object, which is excited using high-intensity aerial ultrasonic waves.We also developed a point-converging acoustic source [17] with a stripe-mode vibration plate to generate the high-intensity aerial ultrasonic waves, an essential component of the method. While the sound source operates at a single resonance frequency, the generated ultrasonic wave has nonlinear acoustic characteristics because sound intensity greatly increased by converging sound wave at the one point and generates nonlinear higher harmonics at the focal point.
Above the reason, the object is vibrated by irradiating this sound wave at the fundamental frequency and harmonic frequencies corresponding to sound wave under high-intensity ultrasonic wave irradiation. Therefore, we attempt to detect defect in solid material by analyzing harmonic component of vibration at the same time.
In this report, we attempt to detect the depth and size of defects in a homogeneous medium by this method. Figure 1 shows a schematic view of the measurement principle. As shown in Fig. 1(a) , force acting on the surface of an object over an internal defect results in deformations more pronounced than those over a defect-free area.
EXPERIMENT

Measurement principle
Figure 1(b) shows a simplified vibration model in which a force is applied to a fixed plate supported at its periphery. In this model, maximum deformation is achieved when the point force is applied to the center of the plate, and deflection at the supported periphery is very small. When a point force is applied each measurement point on the surface of object, the vibration velocity at the point varies depending on whether defects are present.
In this report, we propose the use of a laser Doppler vibration galvanometer source under ultrasonic irradiation for measuring the velocity of vibrations on the sample surface. Figure 2 shows a schematic view of the experimental device used in this study. In this experiment, the measurement device is attached to an aerial ultrasonic source and optical equipment. A point-converging acoustic source with a stripe-mode vibration plate (frequency: 26.8 kHz) is used to generate high-intensity aerial ultrasonic waves.
Experimental set up and methods
This ultrasonic sound source consists of a longitudinal vibration system [18] , a stripe-mode vibration plate, and an emission direction converter. The longitudinal vibration system consists of a bolt-clamped Langevin-type Pb(Zr x Ti x-1 )O 3 (PZT) transducer (B.L.T.: 40 mm in diameter, D4427 made by Nippon Tokushu Togyo), an exponential horn (made from aluminum alloy: JISA2017-T4) with a vibration velocity transform ratio of 6, and a vibration transmission rod. The aerial ultrasonic waves are generated by the transverse vibration plate (width, 145 mm; length, 249 mm; thickness, 3.0 mm; material, aluminum alloy plate). The vibration plate vibrates in the stripe mode which has nodes of vibration being parallel at equal intervals. On the plate, 16 nodal lines of vibration are spaced at intervals of about 13 mm. Accordingly, the emission direction converter consists of 16 separate plates at intervals of 13 mm. The sound source is combined with the emission direction converter (width, 160 mm; length, 270 mm; height, 130 mm; material, acrylic), which is designed to focus the ultrasonic waves radiated from either side of the vibrating plate to a single point. As Fig. 2 shows, acoustic waves radiating from the vibration plate form an angle of incidence of about 43° relative to the sample's surface normal. The convergence point O is on the y-axis, which runs through the center of the vibration plate, approximately 126.5 mm from its edge.
In the experiment, the measurement point on the surface of the sample is set to coincide with the convergence point O of the radiated ultrasonic waves. The sample was continuously irradiated with ultrasonic waves, and the vibration velocity on the surface of sample was measured with a laser Doppler vibration meter (Ono Sokki: LV1620) located behind an acoustic source.
In this measurement, the laser beam gets through the acryl pipe in the experimental device because sound waves from the vibration plate have the potential to affect the LDV laser (in Fig. 2 ). The frequency of the measured vibration velocity is analyzed using a fast Fourier transform spectrum analyzer.
In this experiment, we measured vibration velocity at a fundamental frequency and the harmonics frequencies to detect defects. Figure 3 shows the sound pressure distribution of ultrasonic waves generated at an input power of 5 W and focused at the convergence point O in the x-z plane. Sound pressure is measured with a 1/8 in. condenser microphone (GRAS: 40DP).The ultrasonic waves converge to a small circular region around point O.
Characteristics of ultrasonic waves
Figures 4 and 5 show the distribution of sound pressure along the x-axis and z-axis for the fundamental frequency and harmonic frequencies. Sound pressure is measured using a 1/8 in. condenser microphone. For this measurement, the input power is 5 W.
In Fig. 4 and 5, the fundamental wave and the second and third harmonics converge within a 15 mm diameter circular section, and the area of convergence is smaller for higher harmonics. In addition, the harmonic component is higher at the convergence point O. Figure 6 shows the relationship between the sound pressure at the convergence point for a free field, analyzed using a fast Fourier transform spectrum analyzer, and the power input to the sound source. Sound pressure is measured using the 1/8 in. condenser microphone. In the figure, the intensity of the aerial ultrasonic waves is about 6 kPa at an input power of 15 W. In addition, the figure shows that the sound pressure at the fundamental frequency (26.8 kHz) increases in proportion to 1/2 of input power, while the sound pressure for the higher harmonics increases in proportion to the higher input power. Figure 7 shows sound pressure on the surface of the object when the relationship distance between the sound source and the object changes along the y-axis. The measurement area is from 122 to 143 mm from the acoustic source opening. As a result, the sound pressure distribution changes with the distance from the sound source, and peak sound pressure appears approximately every 8 mm because a resonance system is formed between the ultrasound source and the object. In this experiment, therefore, the object is set 126.5 mm from the sound source opening at the peak sound pressure. 
DEFECT DETECTION
Sample fabrication
We used acrylic as the solid material for this experiment, because acrylic has sufficient strength and is easily worked. In addition, the uniform density of acrylic makes analysis of vibration simple. The 30-mm-thick acrylic plate has dimensions of 150 150 mm2. We used the sample without defects as the standard sample. We prepared sample by boring cylindrical holes of 10, 1.2 mm in diameter into its rear face as air gaps. Figure 8 shows a schematic view of sample. We prepared sample A have defect which is 10 mm in diameter and sample B which is 1.2 mm in diameter. Fig. 8(a) shows a front view, and Fig. 8(b) shows a side view of sample A, and Fig.8 (c) shows a side view of sample B. 
Characteristics of vibration velocity for the standard sample
We measured the vibration velocity distribution in the standard sample in a previous experiment. Figure 9 shows the vibration velocity distribution of red dashed area (40 40 mm 2 ) in Fig. 8(a) , measured at 1 mm intervals. In this experiment, the input power was held constant at 5 W. The figure shows that the vibration velocity does not change over the measurement area. 
Detection of defects
We attempted to detect defects in each sample. Figure 10 show the result of measuring a sample A (defect depth: 2mm). Measurement area has dimensions of 40 40 mm 2 and it measured at 1 mm intervals. For this measurement, the input power is 5 W constant. The result shows the vibration velocity at the fundamental frequency.
As a result, the vibration velocity is higher at the area with the defect than other area. In addition, the vibration velocity distribution is almost the same as that in the sample defect area, and is different between the area with the defect and the area without the defect. Figure 11 show the result of measuring a sample B (defect depth 1.2mm). Measurement area has dimensions of 2.5 2.5 mm 2 with a central focus on defect area and it measured at 0.1 mm intervals. The result shows trends similar to those in Fig. 10 .
As above the result, it is found to be able to detect defect in solid materials by this noncontact method.
Detection of defect depth
We attempted to detect defects which varied depth in each sample. Measurement area is blue dashed line on the defect passing through in Fig.8(a) . Fig.12 shows the result of sample A. Figure 12 As shown Fig12(a), the vibration velocity distribution on the sample surface and the area with the defect almost correspond for defect depths of up to nearly 4 mm. However, as shown Fig.12(b) , the vibration velocity distribution on the sample surface and the area with the defect almost do not correspond for defect depths of up to nearly 4 mm. In addition, as shown Fig.12(c) , the vibration velocity distribution on the sample surface and the area with the defect almost do not correspond for defect depths of up to nearly 3 mm. We considered that the defect area greatly does not vibrate by sound wave because intensity of sound wave at the second and third harmonics is low. Therefore, the depth of the detection limit in such samples becomes smaller using detection parameter which is the harmonic component of vibration velocity. Fig.13 shows the result of sample B. Figure 13(a), (b) , and(c) show the vibration velocity distribution at the fundamental frequency and second and third harmonics.
As shown Fig. 13(a) , the vibration velocity distribution on the sample surface and the area with the defect almost correspond for defect depths of up to nearly 1 mm. However, as shown Fig.13(b) , the vibration velocity distribution on the sample surface and the area with the defect almost do not correspond for defect depths of up to nearly 1 mm. In addition, as shown Fig.13(c) , the vibration velocity distribution on the sample surface and the area with the defect almost do not correspond for defect depths of up to nearly 1 mm.
As above the result of Fig.12 and 13 , it is found to be able to detect defect of a deeper position as the size of defect is larger by this method. It is also found that this method can detect defect which size of 1.2 mm in diameter.
(b) Second frequency Figure 13 . Vibration velocity distribution for a sample B [measured along the dashed blue line in Fig.8(a) ]. 
